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Longitudinal relaxation is the process by which an excited spin ensemble decays into its thermal
equilibrium with the environment. In solid-state spin systems relaxation into the phonon bath
usually dominates over the coupling to the electromagnetic vacuum. In the quantum limit the spin
lifetime is determined by phononic vacuum fluctuations. However, this limit was not observed in
previous studies due to thermal phonon contributions or phonon-bottleneck processes. Here we
use a dispersive detection scheme based on cavity quantum electrodynamics (cQED) to observe
this quantum limit of spin relaxation of the negatively charged nitrogen vacancy (NV−) centre in
diamond. Diamond possesses high thermal conductivity even at low temperatures, which eliminates
phonon-bottleneck processes. We observe exceptionally long longitudinal relaxation times T1 of
up to 8 h. To understand the fundamental mechanism of spin-phonon coupling in this system we
develop a theoretical model and calculate the relaxation time ab initio. The calculations confirm
that the low phononic density of states at the NV− transition frequency enables the spin polarization
to survive over macroscopic timescales.
The longitudinal relaxation of electron spins trapped
in insulating solids has extensively been studied in the
past - both theoretically [1–5] and in experiment [6–
13]. A theoretical treatment of spin-lattice interaction
results in two-phonon Raman [14] and Orbach [4] pro-
cesses, dominating at higher temperatures and a direct
single phonon process in the low temperature regime. If
all thermal phonons are frozen out the ultimate limit of
spin lifetime is given by the coupling of the spin system
to the phononic vacuum modes. The observation of this
limit can be obscured by a phonon bottleneck [15–17],
where excited spins decay and are re-excited if the local
phonon excitations are not transferred out of the system
sufficiently rapid.
A suitable spin system to observe the coupling to
phononic vacuum modes is the NV− centre in diamond.
Diamond has a high thermal conductivity even at low
temperatures [18] which suppresses bottleneck processes.
The ground state spin triplet of the NV− centre is split
due to dipolar spin-spin interaction by a zero-field split-
ting of ωs/2pi = D/h = 2.88 GHz at low temperatures
[19, 20] into two upper (ms = ±1) and a lower (ms = 0)
level [19, 21]. With a base temperature of ∼ 25 mK, our
experimental apparatus can reach temperatures at which
the thermal phonon occupation (n¯ ∼ e−5.5 ≈ 4× 10−4)
at the spin transition frequency is mostly suppressed
(138 mK =̂ 2.88 GHz).
To investigate the spin-lattice interaction in this sys-
tem we employ a cQED [22–25] protocol where we couple
the spins to the oscillating electromagnetic field of a res-
onator to non-perturbatively read out the spin state as
illustrated in Fig. 1a. The interaction of a spin-ensemble
with the resonator mode is described by a modified Tavis-
Cummings Hamiltonian [26] for a three level system with
two degenerate excited states (see Methods). In the dis-
persive limit the resonator frequency ωc/2pi and the spin
transition frequency ωs/2pi have a detuning that is much
larger than the collective coupling gN of the spin ensem-
ble to the resonator mode (δ = ωc − ωs  gN ). In our
experiments we maintain a detuning δ/2pi > 100 MHz,
corresponding to a negligible enhancement of the single
spin spontaneous emission rate due to the Purcell effect
[27, 28] of Γp ≈ 10−14 s−1. The dispersive coupling re-
sults in a state dependent shift χ of the resonator fre-
quency given by
χ(t, T ) =
Ng20
δ
(2− 3 〈S2z (t, T )〉). (1)
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FIG. 1. Experimental set-up for measuring spin relax-
ation. a, The NV− spin ensemble in the diamond crystal
exchanges energy with the phonon bath via the spin-phonon
interaction potential Vs−ph. The state of the spin ensemble is
read out by coupling the spins dispersively to a cavity with
a rate gN . b, Photograph of the superconducting 3D lumped
element resonator (top lid removed) with the diamond sample
(black). The sample is placed between the metal structures
where the magnetic field is homogeneous and all spins cou-
ple with the same coupling strength to the resonator mode.
c, NV− ground state spin triplet where the ms = ±1 and
ms = 0 states show a zero field splitting of 2.88 GHz.
The induced shift χ is enhanced by using a large en-
semble of N spins coupled to the resonator mode with
a rate [29] gN = g0
√
N and a single spin coupling rate
of g0 ≈ 38 mHz. The expectation value 〈S2z 〉 is the mea-
sure for the population of spins in the excited ms = ±1
states. Therefore, we can continuously monitor the state
of the ensemble by probing the cavity resonance fre-
quency [14, 30]. To measure the relaxation time T1 we
prepare an excited state of the ensemble and monitor the
time evolution of the resonator frequency shift χ until
the ensemble equilibrates with the phonon bath. Fig. 1a
illustrates our system where the excited spin ensemble
exchanges energy with the phonon bath.
The photograph in Fig. 1b shows how the experiment
is set-up by bonding a diamond sample into a supercon-
ducting 3D lumped element resonator [31] fabricated out
of aluminium with a fundamental resonance frequency
ωc/2pi = 3.04 GHz and a quality factor Q = 60000.
The resonator geometry focuses the electromagnetic field
such that all spins couple homogeneously to the resonator
mode. This ensures that spin diffusion effects are negligi-
ble in contrast to 2D planar resonator designs [25]. The
diamond loaded resonator is mounted in an adiabatic de-
magnetization refrigerator, with temperature regulation
between 50 mK and 400 mK or a dilution refrigerator for
temperatures below 50 mK.
As presented in Fig. 2b-c, we measure spin relaxation
by first initializing our spin system in a thermal steady
state at 2.7 K, a temperature much larger than the tran-
sition energy of our system (kBT  h¯ωs). This is equiv-
alent to 〈S2z (T  h¯ωs/kB)〉st ≈ 2/3. Next, we non-
adiabatically switch (τswitch  T1) to a lower target tem-
perature to create a non-equilibrium state of the ensem-
ble (see Methods for details of the temperature regula-
tion). The time evolution of this state is then given by
[15]
d
dt
〈S2z (t, T )〉 = −
1
T1
(〈S2z (t, T )〉 − 〈S2z (T )〉st) , (2)
with
〈S2z (T )〉st =
2
e
h¯ωs
kBT + 2
, (3)
as the temperature dependent steady state of 〈S2z (t, T )〉.
We monitor its time evolution via the resonator fre-
quency shift χ (see Eq. (1)) until a thermal equilibrium
of 〈S2z (t, T )〉 is reached. This sequence is repeated for
several different target temperatures.
A typical set of experimentally obtained 〈S2z (t, T )〉 ver-
sus time measurements depicted in Fig. 2a shows, that an
initially prepared non-equilibrium state decays exponen-
tially to its thermal equilibrium value 〈S2z (t→∞, T )〉 =
〈S2z (T )〉st with a characteristic time T1.
In Fig. 3a we plot the temperature dependence of the
relaxation rate Γ = 1/T1. For temperatures above the
spin transition energy T > h¯ωs/kB we see a linear de-
pendence of the relaxation rate on temperature. This
corresponds to a regime where a direct, single-phonon
process dominates. At temperatures T < h¯ωs/kB we en-
ter a regime where the relaxation rate is independent of
temperature.
To investigate the influence of lattice damage and NV−
density on the spin phonon coupling in our system, we
perform the same experiment for four different samples.
We choose samples that differ in NV− densities and the
type of irradiation to create vacancies in the diamond
crystal (see Table I). Samples irradiated by neutrons
show much higher lattice damage than electron irradiated
ones [32]. In the case of electron irradiation the gener-
ated lattice damage depends on the used electron energy
and irradiation rate (this can also be seen by compar-
ing sample E3 with E1 and E2 in Table I). As depicted
in Fig. 3a the relaxation rate depends strongly on the
lattice damage but is largely independent on the NV−
density. This observation indicates that the spin phonon
coupling mechanism is intrinsic to the single NV− cen-
tre and not a collective effect. Form our experimental
data we conclude that the spin-phonon coupling of NV−
centres in diamond is weak, resulting in remarkably long
spin lifetimes of up to 8 h.
To understand the underlying mechanism of spin
phonon coupling and the measured temperature depen-
dence of Γ, we develop a theoretical model and perform
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FIG. 2. Measured time dependence and thermal steady state of 〈S2z 〉. a, The time dependent state of the ensemble
〈S2z 〉 is measured by monitoring the cavity shift. To extract the relaxation rate Γ and the steady state of 〈S2z 〉 for a given
temperature we fit an exponential decay of the form 〈S2z (t, T )〉− 〈S2z (T )〉st =
(〈S2z (T = 2.7K)〉 − 〈S2z (T )〉st) e−Γt. The different
colours of the data denote the different target temperatures. b-c, Temperature dependence of the steady state of 〈S2z 〉: we
initialize the system in the steady state at 2.7 K ¬. The phonon bath and the spin ensemble are in thermal equilibrium. Next
we non-adiabatically switch to the target temperature ­ to create a cold phonon bath but still excitations in the spin ensemble.
The spin system then relaxes into its thermal equilibrium state ® by exchanging energy with the phonon bath. The red line
denotes the steady state solution of 〈S2z 〉st as given in eq. 3.
TABLE I. Sample characteristics. The samples differ in irradiation treatment, initial nitrogen concentration and final NV−
concentration and collective coupling rate gN to the resonator mode. The residual nitrogen concentrations [N]initial − 2[NV−]
are estimated to be 120, 20, 24 and 180 ppm for N1, E1, E2, and E3, respectively. The measured rate of spontaneous emission
Γ0 shows a strong dependence on the method of NV
− creation. The process of sample preparation is presented in the methods
section.
Sample N1 E1 E2 E3
NV−[ppm] 40 40 13 10
N [ppm] ≤ 200 100 50 ≤ 200
Irradiation type n e− e− e−
Γ0 [s
−1] 3.17± 0.10× 10−4 4.76± 0.26× 10−5 3.47± 0.16× 10−5 7.86± 0.60× 10−5
gN [MHz] 6.62± 0.20 9.11± 0.58 5.88± 0.20 2.85± 0.19
Irradiation energy [MeV] 0.1-2.5 2 2 6.5
Annealing temperature [◦C] 900 800-1000 800-1000 750-900
Irradiation dose [cm−2] 9.0× 1017 1.1× 1019 5.6× 1018 1.0× 1018
Mass [mg] 19.2 44.6 22.6 10.8
ab initio calculations to quantify the relaxation rate. We
consider the following mechanism [1] of spin-phonon cou-
pling: The movement of the ions, corresponding to a
phononic excitation, affects the positions of the electrons
and therefore induces a change of the dipolar spin-spin
interaction
Hss = −µ0g
2
eµ
2
B
4pi
(3(Si · rˆij)(Sj · rˆij)− (Si · Sj))
|rij |3
. (4)
Here µ0 denotes the permeability of the vacuum, ge the
electronic g-factor, µB the Bohr-magneton, Si(j) is the
spin-vector and rij({Qn}) is the electronic distance vec-
tor, which depends on the positions of the ions. Since we
are looking at small displacements, the dipolar interac-
tion is expanded to first order with respect to the ionic
positions, resulting in a perturbative potential Vs−ph cor-
responding to an effective interaction which is then used
in Fermis golden rule to calculate transition rates be-
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FIG. 3. Temperature dependence of the spin-lattice relaxation rate. a, The symbols represent the measured
spin-lattice relaxation rates Γ for different diamond samples. We fit the theoretically predicted temperature dependence
Γ = Γ0(1 + 3n¯) to extract the factor of proportionality Γ0. We find the lowest relaxation rate for an electron irradiated sample
with Γ0 = 3.14× 10−5. Note that samples E1 and E2 with different initial nitrogen and NV− concentration exhibit almost
the same constant Γ0, but differ in more than one order of magnitude compared to the neutron irradiated sample N1. The
dashed black line corresponds to the relaxation rate calculated ab intitio. We identify the energy regime kBT < h¯ωs (light blue
background) as the quantum limit where the only remaining decay channel is spontaneous emission of a phonon. In the high
energy regime kBT > h¯ωs (light yellow background) the rate Γ has a linear temperature dependence. This is explained by the
high temperature limit of the Bose-Einstein distribution where phonons with an energy of h¯ωs exist in the phonon bath. In the
intermediate regime (kBT ≈ h¯ωs) thermal phonons start to contribute to the relaxation process. b, Illustration of the relevant
processes contributing to the spin-lattice relaxation. c, For illustration purposes we show the unit cell containing a single NV−
centre with the iso-surface of the spin density shown in blue. The supercell used for the calculation of the theoretical prediction
plotted in a, is composed of 64 lattice sites including a single NV− centre.
tween an initial and a final state Γf←i (see Methods sec-
tion). The electronic response to the ionic motion is mod-
elled by using the Wigner-Seitz cell as the region around
the ionic equilibrium position in which the electronic or-
bital rigidly follows the ion. Carrying out this procedure,
we end up with three relevant processes that describe the
dynamics of the spin-lattice interaction in our system: A
de-excitation of a spin is accompanied by spontaneous or
induced emission of a phonon, whereas the absorption of
a phonon excites a spin (see Fig. 3b). We perform den-
sity functional theory (DFT) calculations on a supercell
with 64 lattice sites and a single NV− centre. The dia-
mond unit cell with a spin density iso-surface is shown
in Fig. 3c. In the supercell we calculate the ionic equi-
librium positions, the ionic dynamics and the electronic
wavefunctions, necessary to quantify Γf←i.
Calculating the transition rate gives us a common fac-
tor of proportionality Γ0 for all three processes which also
incorporates the phononic density of states. Spontaneous
emission is temperature independent while induced emis-
sion and absorption both exhibit a temperature depen-
dence following the Bose-Einstein distribution n¯ making
them dominant at higher temperatures. Taking all these
processes into account we end up with the differential
equation (2) and derive an expression for the decay rate
Γ(T ) = Γ0(1 + 3n¯(T )). From our ab initio calculations
we obtain the value Γ0 = 3.02× 10−5 s−1, in agreement
with our measurements for the electron irradiated crys-
tals. These low rates are a consequence of the low phonon
density of states at the spin transition energy h¯ωs in a
diamond crystal.
Induced emission and absorption govern the linear
regime of Γ which is explained by the high temperature
limit of the Bose-Einstein distribution. The observed
plateau at lowest temperatures stems from the tempera-
ture independent spontaneous emission of phonons where
the decay rate is solely determined by the constant of
proportionality Γ0. Since there are no thermal phonons
that match the transition frequency ωs/2pi, the measured
relaxation rate is inherently limited by quantum fluctu-
5ations of the phonon bath.
To conclude, we have shown through the remark-
able consistency of experimental data and ab initio cal-
culations that in diamond at ultra low temperatures
(T  h¯ωs/kB) the longitudinal relaxation time T1 of
the electron spin is limited by the spontaneous emission
of phonons into the phononic vacuum. Looking at the
data in Fig. 3 one clearly can extract two main con-
sequences: First, the irradiation and annealing process
clearly distinguishes the samples. E1 and E2 (low energy
electron irradiation, large dose and high temperature an-
nealing) give T1 identical with the ab intio calculations.
E3 (higher energy electron irradiation with lower fluency)
and N (neutron irradiation) show much more lattice dam-
age and shorter T1. Second, it is remarkable that the
highest and the lowest NV− density samples have nearly
identical curves, indicating that even for high densities
the T1 processes involve only single spins, and no collec-
tive effects.
Even though exceedingly long, T1 (∼ 8 h) puts a fun-
damental limit on the coherence time T2 of a spin qubit
in diamond. We conjecture that the observed coupling
to the phononic vacuum is the dominating process deter-
mining T1 for spin qubits in magnetically quiet insulators.
Tailoring the phononic density of states using phononic
meta materials such as phononic band-gaps [33] and res-
onators [34] may allow to engineer the spin relaxation at
ultralow temperatures.
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7Methods and Materials
Spin system
The NV− centre in diamond consists of a substitutional nitrogen atom with an adjacent carbon vacancy. In the
diamond lattice the NV− centre is oriented along four different crystallographic directions. Its ground state is a
paramagentic spin (S = 1) system which we describe with the spin Hamiltonian H/h = DS2z , with a zero field
splitting constant D = 2.88 GHz [21]. In our experiment we use diamond samples which are cut along the (001)
direction and placed in the resonator such that this plane is aligned parallel to the oscillating magnetic field.
System Hamiltonian
To describe the system we consider a modified Tavis-Cummings Hamiltonian [26] that accounts for the coupling to
the degenerate ms = ±1 spin states of the NV− centre and a term for the cavity probe field with frequency ωp and
amplitude η:
Hsys
h¯
= ωca
†a+ ωsS2z + igN (a
†S− − aS+)︸ ︷︷ ︸
HTC
+ i(ηa†e−iωpt − η∗aeiωpt)︸ ︷︷ ︸
Hp
, (1)
where a/a† are the creation/annihilation operators for the cavity mode with angular frequency ωc. The operator S2z
is a collective operator that gives a measure of the spin population in the ms = ±1 state of an ensemble containing
N spins:
S2z =
1
N
N∑
j
σ2z,j . (2)
In the spin basis of the NV− centre (|1〉, |0〉, |−1〉) we define σ2z = |1〉 〈1| + |−1〉 〈−1|, and the collective ladder
operators S± operators as:
S± =
1
N
N∑
j
σ±j (3)
with σ− = |0〉 〈1|+ |0〉 〈−1| and σ+ = |1〉 〈0|+ |−1〉 〈0|.
Thermal excitations of the mode and ensemble are included similarly to [35] by adding standard Liouvillian terms
to the dynamics and solving the corresponding master equation for the system:
d
dt
ρ =
1
i
[Hsys, ρ] + L[ρ]. (4)
From the master equation we derive the equations of motion for the operators with the detunings ∆s = ωs − ωp and
∆c = ωc − ωp:
d
dt
〈a〉 = −i∆c 〈a〉 − igN 〈S−〉+ η − κ 〈a〉 , (5)
d
dt
〈S−〉 = −i∆s 〈S−〉 − 2igN 〈a〉+ 3igN 〈a〉 〈S2z 〉 − (γ∗⊥ + 2γ‖) 〈S−〉 , (6)
d
dt
〈S2z 〉 = −igN
(〈a〉 〈S+〉 − 〈a†〉 〈S−〉)− 2γ‖ 〈S2z 〉 , (7)
(8)
Next, we calculate the steady-state intra cavity field 〈a〉st for a thermal spin state from which we can extract the spin
state dependent cavity shift χ in the form:
χ(T ) =
Ng20
δ
(2− 3 〈S2z (T )〉). (9)
In the equations of motion we use γ∗⊥ for the collective ensemble line width and γ‖ for T1 processes. Since the
detuning δ between the spin transition and the cavity is an intrinsic parameter, we can calculate the collective
8coupling strength gN of the spin ensemble to the resonator mode via Eq. (9).
Samples
For the neutron sample N1 we use a commercially available type-Ib high-pressure, high-temperature (HPHT)
diamond from the company Element Six Ltd. The crystal contains an initial nitrogen concentration of <200 ppm
and a natural abundance of 13C nuclear isotopes. The local neutron source was a TRIGA Mark II reactor of TU
Wien. The sample was irradiated for 50 h with neutrons in the energy range of 0.1-2.5 MeV and a total dose of
1.8× 1018cm−2. Next, the sample was annealed for 3 h at 900 ◦C. The achieved NV− density is 40 ppm. In reference
[32] (sample BS3-1b) details on the sample preparation are given.
For the electron sample E3 we use a similar raw diamond (HPHT) from element6 as in the case of N1. The
crystal contains an initial nitrogen concentration of <200 ppm and a natural abundance of 13C nuclear isotopes. We
chose an irradiation with 6.5 MeV at temperatures of 750-900 ◦C with a total fluence of 1× 1018 cm−2 which results
in a density of 10 ppm NV− centre. The irradiation was done at the linear accelerator of the Istituto per la Sintesi
Organica e la Fotoreattivita in Bologna, Italy. Details concerning the preparation of this sample can be found in
reference [32] (sample U5).
The electron samples E1 and E2 are type-Ib high-pressure, high-temperature (HPHT) diamond crystals with
an initial nitrogen concentration of 100 ppm and 50 ppm, respectively. The sample E1 was irradiated with 2 MeV
at 800 ◦C and annealed at 1000 ◦C multiple times. For the E2 sample the total electron dose was 1.1× 1019 cm−2
and the E1 sample received a total dose of 5.6× 1018 cm−2. The achieved NV− densities are 40 ppm and 13 ppm
respectively. The electron irradiation was performed by using a Cockcroft-Walton accelerator of the QST, Takasaki.
Microwave resonator
The superconducting 3D lumped element cavity is machined out of aluminium (EN AW 6066) and mechanically
polished down to a roughness of ≈ 0.25 µm [31]. To bond the crystal samples into the resonator and ensure good
thermal contact we use a small amount of vacuum grease as adhesive. We determine the fundamental resonance
frequency ωc/2pi = 3.04 GHz and a quality factor Q = 60000 by transmission spectroscopy with spin transitions far
detuned from the resonator mode.
Transmission measurements
In our transmission spectroscopy we determine the forward scattering parameter |S21|2 with a standard vector
network analyser (R&S ZNB-8). After cool-down we continuously monitor the transmission to extract the time
evolution of the cavity resonance. During the experiment we probe the cavity with an input power of −110 dBm
which corresponds to an average number of 1× 10−9 photons/spin in the cavity.
Sample initialization procedure
We use an adiabatic demagnetization refrigerator (ADR-Rainier, HPD) with the advantage of temperature regulation
in the temperature regime of interest. After measuring the relaxation time for a certain temperature the paramagnetic
salt in the fridge has to be magnetized and the fridge is cycled through the 2.7 K heat bath provided by a pulse tube
cooler. During this regeneration time of the magnet the spin ensemble is kept at high temperature for initialization.
The cooldown time to base temperatures between 50-250 mK is in the order of 20-40 min, which is fast enough that
the spins do not completely relax during the cool down process. Since the ADR is limited to 50 mK, the additional
data points are measured in a standard dilution refrigerator (Oxford DR-200) where an electric heater allows to
thermally initialize the spin ensemble at 1 K. Therefore, we only show a single complete data set of relaxation
curves in Fig. 2 which was measured in the adiabatic demagnetization refrigerator. The additional low temperature
relaxation measurements in the dilution refrigerator have a different signal amplitude but show the same exponential
behaviour.
Ab initio calculation based on density functional theory
For the calculation of the electron phonon interaction, we consider the change of the electron spin-spin interaction
Hss with respect to the ionic movements {Qn}.
Hss({Qn}) = −
µ0g
2
eµ
2
B
4pi︸ ︷︷ ︸
:=α
(3(Si · rˆij({Qn}))(Sj · rˆij({Qn})− (Si · Sj))
|rij({Qn})|3
(10)
9Here µ0 is the permeability of the vacuum, ge the electronic g-factor, µB the Bohr-magneton, Si(j) the spin-vector
and rij({Qn}) is the electronic distance vector dependent on the positions of the ions. The electronic response to
the ionic motion is modelled by defining a region around the ionic equilibrium position R(0)n , in which the electronic
orbital rigidly follows the ion. This region is chosen to be the Wigner-Seitz cell. Since we are looking at small
displacements, the spin-spin interaction is expanded to first order in the ionic positions. This results in the time
dependent perturbative potential Vs−ph, which we use in Fermis golden rule to calculate the transition rate Γf←i:
Γf←i =
1
h¯2
∑
f
|〈Nf ,mfs |Vs−ph|N i,mis〉|2δ(ν = 2.88 GHz)
=
α2
h¯2
∑
f
|〈mfs |
∑
n
∑
i>j
3(S±i S
z
j + S
z
i S
±
j )(〈Nf | (Qxn ∓ iQyn) |N i〉)rzij + (rxij ∓ iryij) 〈Nf |Qzn) |N i〉)∆Θnij
2 |rij |5
−
− 15(S
±
i S
z
j + S
z
i S
±
j )(r
x
ij ∓ iryij)rzij(rij · 〈Nf |Qn |N i〉)∆Θnij
2 |rij |7
|mis〉|2δ(ν = 2.88 GHz)
(11)
Here m
i(f)
s and N i(f) denote the initial (final) electronic and phononic states and ∆Θnij accounts for the fact that
the spin-spin interaction between the electronic spins is only changed if either electron i or electron j is inside the
Wigner-Seitz cell of the displaced ion and the other one outside. Inserting the second quantized form of the ionic
displacement [36]
Qn =
∑
q,ν
√
h¯
2MnNωq,ν
(
a†−q,ν + aq,ν
)
q,νe
iqR(0)n (12)
and performing the summation over the final phonon modes leads to a spin-lattice relaxation time T1 proportional to
the thermal occupation of phonon modes with a frequency of 2.88 GHz for phonon induced emission and absorption
and a temperature independent contribution corresponding to spontaneous emission of a phonon with a constant of
proportionality Γ0, dependent on the electronic wavefunctions and the phononic polarization vectors.
The NV− center was simulated ab initio in a supercell containing 63 atoms and one vacancy with the Vienna ab
initio simulation package (VASP [37]) using projector augmented wave (PAW) pseudopotentials [38] and the exchange-
correlation potential of Perdew, Burke and Ernzerhof [39]. Plane waves up to an energy of 700 eV were considered
and the Brillouin zone was sampled with a very dense mesh using 19 k-points inside the irreducible wedge. A careful
relaxation of the ions to their equilibrium position showed that the nitrogen atoms relax more than the carbon atoms,
in agreement with previous calculations [40]. The resulting forces were less than 1 meV/A˚ per atom. The results
were also confirmed using the Quantum Espresso package [41]. The diagonalization of the dynamical matrix was done
using the PHONOPY-package [42] and the rate Γf←i was calculated using maximally localized Wannier functions,
obtained with WANNIER90 [43].
